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Abstract 
The standard idea for deep saline aquifer sequestration is to separate carbon dioxide from a process stream, compress it, and 
inject it underground.  However, since carbon dioxide is less dense than water, even at the high pressures found in aquifers, it is 
buoyant and will move towards the surface unless trapped by an impermeable seal.  Also, significant energy expenditure is 
required to separate and compress carbon dioxide, even though neat carbon dioxide is not a desired product.  These issues may be 
addressed by combining the idea of fast dissolution at the surface with supercritical water oxidation (SCWO).  By burning coal at 
high pressure in supercritical water drawn from an aquifer, and then sequestering the entire pre-equilibrated effluent, all carbon 
from the fuel is captured, as well as all non-mineral coal combustion products including sulfur and metals. 
 
A possible block diagram of a SCWO-based electric power plant is proposed, including processes to handle salts from the aquifer 
brine and minerals from coal.  An estimate of the overall thermal efficiency that can be achieved is given based on a 
thermodynamic model.  The requirements of a real supercritical water combustor are discussed, and an experimental combustor 
is described. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
A promising mode of carbon sequestration is storage in deep saline aquifers [1].  While these formations are 
abundant in many parts of the world, water from these reservoirs is too brackish to be used for agriculture.  Saline 
aquifers and desalination plants may someday provide potable water in dry areas, but they have no projected use in 
many regions.  Instead, they may be used to sequester carbon dioxide. 
 
In most aquifer sequestration plans, carbon dioxide is separated from plant exhaust (as with pulverized coal-fired 
steam power) or an intermediate stream (as in IGCC), compressed, and injected into an aquifer.  The carbon dioxide 
displaces native brine and creates a pocket of neat carbon dioxide in the vicinity of the injection well.  Injected 
carbon dioxide dissolves, creating an aqueous solution that is denser than the original brine [2].  Once this process is 
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complete, there is no driving potential to force the carbon dioxide up from the aquifer.  Depending on the 
composition of the aquifer and host rock, further interactions may leave the carbon chemically trapped in the form 
of solid carbonates, resulting in truly permanent storage. 
 
It is encouraging that aquifer sequestration naturally becomes secure over time.  However, the initial non-
equilibrium state of pure carbon dioxide in the aquifer could lead to leakage.  Even though the pressure is high in the 
aquifer, carbon dioxide is still less dense than water.  The resulting buoyant force pushes the carbon dioxide back 
towards the surface.  The storage scheme is not inherently secure, because the sequestered fluid is not in mechanical 
equilibrium with its target environment.  This condition leads to additional considerations before and after injection.  
Sequestration sites must be chosen carefully so that the buoyant carbon dioxide will be physically trapped, such as 
by impermeable layers above the aquifer.  Even if an appropriate type of rock overlies the aquifer, it may have 
leakage paths that are difficult to detect, such as cracks or abandoned well bores.    Once a buoyant plume of carbon 
dioxide is put into an aquifer, it must be monitored to verify that it does not leak through undetected paths or 
through new routes that form after injection begins.  Such monitoring may be necessary to gain public acceptance of 
sequestration.  Since dissolution of the carbon dioxide continues for some time after injection ends, monitoring must 
continue at least until the plume stops migrating [1].  A process to speed the equilibration is desirable in order to 
reduce the risk of leakage and remove the need for monitoring. 
 
One method that has been proposed is to pump brine up from the aquifer, complete the dissolution of separated 
carbon dioxide at the surface, and re-inject the aqueous solution of carbon dioxide back into the aquifer [3].  With 
this technique, the injected carbon dioxide is stored securely from the moment of injection.  There is no unstable 
state that requires ongoing monitoring.  Feasibility of this idea depends, among other criteria, on the amount of 
aquifer water that must be circulated for total dissolution.  Figure 1 is a contour plot of the water required by a 
typical plant for varying aquifer conditions.  Flow rates are given in thousands of kilograms per second (103 kg/s) 
for a 500 MW coal plant like the one introduced in the following section.  An aquifer salinity of 20,000 ppm as 
sodium chloride is assumed.  For reference, the amount of cooling water required by a traditional plant is around 
12,000 to 13,000 kg/s [4].  (About the same amount is required for the plant introduced below.)  Fig. 1 shows that 
less water is required for dissolution than is needed for cooling.  The amount needed is nearly an order of magnitude 
less with some aquifers.  Although cooling and dissolution are completely separate processes in this scheme, and the 
Fig. 1 – Carbon dioxide dissolution water requirement as a function of aquifer temperature and pressure.  Salinity is 20,000 ppm as NaCl.  Water 
flow rates are shown for a 500 MW plant in thousands of kilograms per second. 
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water for them comes from different sources, this comparison shows that the amount of water that must be handled 
is not unusual. 
 
Burton and Bryant’s discussion of surface dissolution supposes an input of neat carbon dioxide produced by a 
separation process.  Their mechanism could be useful as part of a post-combustion separation retrofit to an existing 
plant or at a plant where carbon dioxide is produced by a chemical process, such as ammonia synthesis.  However, 
surface dissolution with neat carbon dioxide is not ideal for use with new construction for two reasons.  First, a 
conceptual problem with this setup and with many other carbon sequestration plans for use with electric power 
production is that a large amount of energy and capital are used to separate carbon dioxide when the real goal of the 
system is to keep carbon out of the atmosphere.  Production of concentrated carbon dioxide is an intermediate step 
which reduces efficiency and is, in general, not necessary.  Surface dissolution highlights the improvidence of this 
separation since the carbon dioxide flows from a separator to a mixer.  The second concern is the way carbon is 
pressurized.  Carbon dioxide must be pressurized for injection or, in this case, for effective dissolution.  In coal-fired 
plants the carbon enters the system in a solid form.  Pressurizing the carbon while in a solid requires much less 
energy than pressurizing carbon dioxide gas.  What we seek is a more tightly integrated process that will allow for 
increased efficiency while providing the secure sequestration inherent to surface dissolution. 
 
2. Plant concept 
We propose a new concept for obtaining work from carbon-containing fuels and sequestering the carbon dioxide 
that is produced.  Since the product carbon dioxide must be thoroughly mixed with aquifer water before re-injection 
into the aquifer, this high pressure combustion can be done in supercritical water.  Supercritical water (temperature 
above 647 K and pressure above 221 bar) is a suitable combustion medium because it behaves differently than water 
at standard conditions in several ways.  Non-polar organic molecules, including many fuels, are usually insoluble in 
water.  However, they are highly soluble in supercritical water.  Similarly, gases are completely miscible.  
Furthermore, diffusion is much faster than in water at standard conditions.  The ability to bring fuel and oxygen 
together with sufficient transport rates means that fast oxidation can occur in supercritical water.  SCWO technology 
has been commercially developed for destruction of hazardous wastes [5].  Its use in the energy industry has been 
mentioned previously, but not developed to our knowledge. 
 
We propose a block diagram for a coal-fired SCWO plant, seen in Fig. 2.  The defining characteristic of this 
system is the use of aquifer water as a processing medium, so we follow the path of water through the plant.  A 
sufficient amount of aquifer brine to dissolve all of the carbon dioxide enters the plant from production wells (see 
Fig. 1).  If all of this water passed through the SCWO system, its outlet temperature would be low, leading to poor 
heat engine efficiency.  Hence, the flow rate of water through the SCWO system is determined by its desired outlet 
temperature.  The remainder of the aquifer water bypasses the SCWO system and heat engine. 
 
The water that will be used for fuel processing must be preheated to near-critical conditions.  Preheating 
improves the kinetics of fuel oxidation in the SCWO system.  Faster reactions lead to lower residence times and 
smaller reaction vessels.  Preheating in a regenerator with heat transfer from the warm outlet stream improves the 
efficiency of the system, since it raises the average temperature of heat addition to the heat engine.  Note that this 
regenerator is not part of the power cycle, but its purpose is similar.  A side effect of heating the inlet brine to near 
the critical temperature is the precipitation of salts; while organics and gases become highly soluble in water beyond 
the critical point, ionic materials have low solubilities in supercritical water.  Salt removal at this stage is desirable 
since it precludes precipitation in the combustor and high-temperature heat exchangers where it would be more 
difficult to manage than in a moderate-temperature regenerator.  Hence, we envision a combination regenerator and 
desalinator unit where desalination is accomplished by temperature driven precipitation, followed by mechanical 
separation.  Low-salinity, near-critical water leaves the regenerator.  The small amount of impurities remaining may 
be removed by sorption or filtration.  Desalinated water passes into the SCWO system to moderate the reaction 
processes. 
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The other inputs to the SCWO system are coal-water slurry and an oxidizer.  Since nitrogen is much less soluble 
in water than carbon dioxide, nitrogen from air would separate into a gas phase in the cooled effluent leaving the 
plant.  We use oxygen to ensure that the products will be a single-phase solution that can be securely stored in an 
aquifer.  An alternative is to use air and circulate enough aquifer water to dissolve all of the nitrogen, but this would 
require a prohibitive amount of water.  Although the proposed system still has an energy cost of separation that we 
had hoped to avoid, the trade-off of carbon separation for air separation is advantageous since we now have the 
ability to sequester all fluid coal combustion products, including sulfur and metals, not just carbon dioxide. 
 
Since coal is a complex, solid fuel, processing in the SCWO system is divided into reformer and combustor 
sections so that mineral matter (ash) can be removed.  Mineral matter should be removed early to prevent deposition 
in downstream components where it would be more difficult to manage.  In the reformer, near-critical water heats 
the coal particles, causing them to devolatilize.  Oxygen from the ASU is used to assist with char burnout.  These 
decomposition processes separate the carbonaceous fuel from the mineral matter so that it can be removed.  The 
temperature rise through the reformer should be relatively low so that the process stream remains easy to handle in 
the solid separator.  From here, any solids are recycled to the reformer so that they have sufficient residence time to 
achieve the required degree of carbon extraction. 
 
The fluid output from the solid separator is a single-phase synthesis fuel solution of water, hydrocarbons evolved 
from coal, and products of reaction.  This synfuel and most of the oxygen from the ASU meet in the combustor, 
Fig. 2 – Diagram of a SCWO-based power plant.  A regenerator is used for desalination and to improve thermal efficiency.  
Multiple stages prevent formation of a gas phase in the product stream.  (Three stages are shown for illustration.)  Oxygen 
from an ASU is used instead of air since nitrogen is much less water soluble than carbon dioxide.  Coal processing is divided 
into reformer and combustor sections to facilitate mineral matter removal and protection of vessel walls.  The choice of heat 
engine is left open at this stage. 
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where oxidation is completed.  Since the fuel is a dense fluid and no heat exchange is desired within this component, 
the combustor can be similar to modern gas turbine combustors.  These combustors feature intense, localized flames 
that are stabilized by fluid flow.  Perforated liners allow cooling flows to protect surfaces from the destructive heat 
and oxidation of the flame zone.  In gas turbine engines, stabilization and cooling flows use compressed air.  In the 
proposed combustor, desalinated, preheated aquifer water is used. 
 
After exiting the combustor, the process stream is a single-phase, supercritical solution of hot combustion 
products suitable for driving the heat engine.  The choice of heat engine does not affect the plant concept at this 
point.  The products pass through a heat exchanger, transferring their energy to the heat engine working fluid.  A 
chief difficulty with design of heat engines is heat exchangers that can withstand very high temperatures, since this 
limitation affects the upper bound of cycle efficiency.  To make construction of this heat exchanger feasible, the 
pressure of the working fluid should equal the pressure of the combustion products.  The heat exchange surfaces 
must operate at very high temperatures, but by pressure matching the streams in the heat exchanger these surfaces 
do not have to withstand significant mechanical stress.  With this design choice, stability and corrosion are the key 
material limitations instead of high-temperature creep strength. 
 
After cooling to near the critical temperature, the product stream flows through the hot side of the 
regenerator/desalinator unit where it heats the incoming aquifer brine.  To prevent the formation of a gas phase in 
the regenerator, the cooling is done in stages, with partially heated aquifer water (drawn from the inlet side) added 
between each stage.  If the product stream were cooled completely without the addition of more water, it would 
become two-phase in the regenerator, since carbon dioxide is miscible in supercritical water but has a limited 
solubility below the critical temperature.  Staged cooling ensures that the product stream at any location contains 
enough water to dissolve all of the carbon dioxide.  Finally, the salts removed by the desalinator are reintroduced.  
This mixing could be done in stages with the aquifer water, or all at once after the product stream is completely 
cooled.  Salts are re-added, rather than sold, in order to maintain solution density, since the objective of surface 
dissolution is to inject a stream that is denser than the original brine.  The result after mixing is a pre-equilibrated, 
single-phase solution of carbon dioxide and other fluid coal combustion products ready for injection into the aquifer. 
 
3. Thermodynamic model 
We now turn to thermodynamic analysis to see if this type of plant is efficient enough to merit further study.  The 
full details and results of the model are presented elsewhere [6], but there are three major differences to note from 
the block diagram of Fig. 2.  First, the multi-stage regenerator/desalinator is replaced by a single-stage regenerator 
that preheats both the water and the oxygen.  Precipitation of salts by reduction of solubility is a consequence of this 
heating.  Physical removal of salts is not energetically significant and is therefore not modeled.  Second, the process 
details and kinetics of the SCWO system are not included.  From a thermodynamic point of view, only its inlet and 
outlet states are important.  Finally, the details of the heat engine must be provided.  We choose a combined cycle 
with a closed helium Brayton topping cycle and a Rankine bottoming cycle.  This arrangement is similar to 
combined cycle systems presently in use, except that the Brayton cycle is closed.  A combined cycle where energy is 
input to the topping cycle through a heat exchanger instead of from combustion within the cycle is known as an 
indirectly fired combined cycle, or IFCC.  Thus, the complete system presented here may be called a supercritical 
water oxidation, indirectly fired combined cycle, or SCWO/IFCC. 
The model accounts for energy used for oxygen separation and brine pumping.  All turbomachinery Is given non-
ideal polytropic efficiencies, and all heat exchangers are modeled as less than 100% effective.  A key parameter 
affecting overall efficiency is the combustor outlet temperature.  In a real system this temperature must be high for 
thermal efficiency, but low enough to be withstood by the materials of construction of the device.  The optimum 
must be found via economic life cycle analysis.  In the strictly thermodynamic model, it is a free parameter.  A 
reasonable but optimistic value is 1600K.  Given this condition, the overall efficiency is 42% based on the lower 
heating value of the fuel. 
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4. Current Work 
Our present focus is the construction of a laboratory-scale, flame-based, supercritical water combustor.  The 
apparatus will be similar to some previous SCW combustors [7, 8], but with different operational goals.  We will use 
this facility to explore combustion in supercritical water while seeking stable operation with unity equivalence ratio, 
high outlet temperature, and high volumetric firing rate.  These combustor characteristics are conducive to use in a 
SCWO/IFCC plant.  While we will be able to explore a large range of equivalence ratios, we are primarily interested 
in stoichiometric firing.  Since oxygen comes from a separation process with an energy cost and coal is purchased, 
and excess amount of either reactant would be economically undesirable.  As noted in the modeling section, a high 
combustor outlet temperature is needed.  While our outlet temperature will be moderated down by the addition of 
water, this goal is worth mentioning since previous SCWO reactors have operated not far above the critical 
temperature.  In contrast to the present goals, SCWO development for hazardous waste destruction has largely 
focused on relatively low-temperature, plug flow, homogeneous oxidation.  Along with low temperatures, most such 
reactors use dilute waste as fuel, and hence have low volumetric firing rates.  Any production scale power plant will 
require a powerful combustor, so we want to produce compact flames with high volumetric firing rates.  Smaller 
flame zones require smaller vessels, which require smaller investments in capital cost.  Compared to combustors in 
general, our objectives are not a departure from other work.  However, combustion of this type has not been well-
explored in supercritical water. 
 
In the gas turbine paradigm mentioned earlier, a major objective is shaping the flame to keep it away from 
surfaces.  A simple and effective way to evaluate our combustor in this regard is to make the flame zone optically 
accessible.  The combustor will have transverse and axial sapphire windows for direct, shadowgraph, or Schlieren 
observation of the flow to ensure that flames are stable and isolated from the walls.  Although this design choice 
requires careful engineering of the experimental vessel, once running it provides the most straightforward way to 
confirm the presence and location of the flame.  Indirect sensing methods may not be as reliable in a turbulent flow 
or during times of transient flow, such as ignition. 
 
Figure 4 shows the layout of the experimental combustor now under construction.  It includes equipment to store, 
pressurize, and preheat oxygen, fuel, and water before delivery into the combustor vessel.  Water is pumped by a 
positive displacement piston pump into a supply manifold.  More water is pumped into the manifold than is needed 
in the combustor; the excess is let out through a backpressure regulator and returned to the storage tank.  This setup 
allows the backpressure regulator to control the pressure in the manifold independent of other flow rates out of the 
manifold.  There are six outlets leading eventually to the combustor vessel.  Each one passes through a remotely 
operated metering valve turned by a stepper motor.  Since the pressure in the manifold is set by a backpressure 
regulator and the pressure at the combustor exit is set by another backpressure regulator, each metering valve may 
be used to control the flow of the stream through it without affecting the flow rates of the other streams. 
 
Gaseous oxygen is supplied from cylinders to an air powered, two-stage piston booster.  The flow of oxygen 
from the booster is unsteady, so the pressurized oxygen then goes to a plenum and through a regulator.  The plenum 
is large enough to provide a steady flow of oxygen through the regulator while the booster’s output stage is on the 
intake stroke.  A liquid fuel such as n-heptane is used since liquids are easy to pressurize.  Before starting an 
experimental run, a bladder accumulator is filled with fuel supplied from a drum (not shown).  Nitrogen is used to 
push fuel out of the bladder since it is inert and inexpensive.  Standard nitrogen cylinders are pressurized to 3000 psi 
when full, so the gas is pressurized to about 5000 psi in a two-stage piston booster that is similar to the oxygen 
booster.  No plenum is required downstream of this booster since the volume of nitrogen in the gas side of the 
accumulator damps pulsations from the booster. 
 
After pressurization and metering, one of the water lines mixes with oxygen, and a second mixes with fuel.  
These reactant mixtures and three more water lines enter the preheater.  The heater body is a cast aluminum block 
containing Inconel 625 tubes for all streams and stainless steel sleeves.  Electric resistance cartridge heaters are 
inserted into these sleeves.  Sufficient current is supplied to the cartridges such that the five flows leaving the 
preheater are at a temperature of around 700K leading into the combustor.  The hot fuel and oxygen solutions are 
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injected at the base of the combustor vessel.  The injection geometry will be variable; nozzle design for stability is 
an important goal of this work.  One of the water streams will be injected in an annulus around the fuel and oxygen.  
This water will mix with and cool the reaction products as they move downstream, and will serve a large role in 
separating the flame from the vessel.  Another preheated water stream will be injected into the volume outside of a 
perforated liner.  As this flow enters the central flow through the liner it will further serve to shield solid surfaces 
from the hot, reactive core flow.  The total amount of water injected with the reactants, around the burner, and 
through the liner will control the mixed mean temperature at the end of the combustion zone.  Conditions at this 
point are of interest since this is where heat exchange to a heat engine will appear in a work producing system.  A 
thermocouple here marks the end of the zone of experimental interest. 
 
The remaining downstream components cool and depressurize the supercritical water and products.  To enable 
axial viewing, the flow must turn so that a window can be placed on the end of the combustor vessel.  To prevent 
hot fluids from destroying the window by thermal stresses, the final preheated flow of water is injected near the 
window to provide a relatively cool boundary layer.  After turning past the window, the flow reaches the dilution 
cooler.  Here, the sixth and final metered water stream from the supply manifold is added to cool the combustion 
products before they reach the main backpressure regulator.  This regulator can withstand a temperature of 617K, so 
the products will be cooled to about 600K by mixing with water at ambient temperature. 
 
Water at 600K and 250 bar will flash to saturated steam and water through the backpressure regulator.  This 
steam and water will be cooled in a condenser to about 20°C, the temperature of the process cooling water supply in 
the building.  Much of the carbon dioxide from the combustion separates from the water before the condenser exit.  
It is vented from the top of the condenser and piped outside.  The cooled water is sent to a waste holding tank for 
later filtration and disposal. 
 
Fig. 3 – Diagram of the experimental supercritical water combustor under construction.  Reactant storage and preparation systems appear on 
the left.  These feed into the preheater and combustor in the center.  Products leaving the combustor are cooled and prepared for 
disposal on the right. 
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5. Conclusions 
Based on thermal efficiency and aquifer water flow rates, construction of a coal-fired electric power plant with 
secure carbon sequestration using SCWO may be feasible.  While the amount of water required to dissolve all of the 
carbon dioxide and create a single-phase injectant is high, it is not beyond current experience.  Meanwhile, thermal 
efficiency is on par with leading coal with capture technologies [9].  The SCWO/IFCC system has the added benefit 
of total combustion product sequestration, including 100% carbon capture efficiency, as well as capture of sulfur 
and metals. 
 
Several aspects of the proposed system must be explored before such a plant could be assembled.  Desalination 
by temperature-driven precipitation has not been developed to our knowledge.  High pressure helium compressors 
and turbines have been discussed for use with nuclear power, but not for pressures up to 250 bar.  The key to the 
system, however, is supercritical water processing.  Work with the supercritical water combustor will inform the use 
of combustion in this regime for high-temperature combustion.  This effort is paralleled by the development of code 
for thermodynamic property calculations with real mixture data.  These properties are needed for accurate modeling 
of the SCW combustor and the multi-stage regenerator.  While there are many design challenges to address in the 
development of a SCWO-based power plant, it would, if developed, be an option for generating electricity with no 
matter release from coal to the atmosphere. 
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